Abstract-Histotripsy fractionates soft tissue by well-controlled acoustic cavitation using microsecond-long, high-intensity ultrasound pulses. The feasibility of using histotripsy as a noninvasive, drug-free, and image-guided thrombolysis method has been shown previously. A new histotripsy approach, termed microtripsy, has recently been investigated for the thrombolysis application to improve treatment accuracy and avoid potential vessel damage. In this study, we investigated the effects of pulse repetition frequency (PRF) on microtripsy thrombolysis. Microtripsy thrombolysis treatments using different PRFs (5, 50, and 100 Hz) and doses (20, 50, and 100 pulses) were performed on blood clots in an in vitro vessel flow model. To quantitatively evaluate the microtripsy thrombolysis effect, the location of focal cavitation, the incident rate of pre-focal cavitation on the vessel wall, the size and location of the resulting flow channel, and the generated clot debris particles were measured. The results demonstrated that focal cavitation was always well confined in the vessel lumen without contacting the vessel wall for all PRFs. Pre-focal cavitation on the front vessel wall was never observed at 5Hz PRF, but occasionally observed at PRFs of 50 Hz (1.2%) and 100 Hz (5.4%). However, the observed pre-focal cavitation was weak and did not significantly affect the focal cavitation. Results further demonstrated that, although the extent of clot fractionation per pulse was the highest at 5 Hz PRF at the beginning of treatment (<20 pulses), 100 Hz PRF generated the largest flow channels with a much shorter treatment time. Finally, results showed fewer large debris particles were generated at a higher PRF. Overall, the results of this study suggest that a higher PRF (50 or 100 Hz) may be a better choice for microtripsy thrombolysis to use clinically due to the larger resulting flow channel, shorter treatment time, and smaller debris particles.
I. Introduction
T hrombosis is the formation of a blood clot inside an artery or vein, blocking blood flow in the circulatory system. Arterial obstruction via thrombosis in the cerebral vasculature leads to stroke, which is a leading cause of disability and death in the United States [1] . The most common form of venous thrombosis is deep vein thrombosis (DVT), which occurs usually in the legs and can lead to pulmonary embolism. DVT/pulmonary embolism (also called venous thromboembolism) affects over 300 000 people each year in the United States and causes deaths of 60 000 to 100 000 [2] . Severely symptomatic patients may require thrombolytic treatments instead of simply taking anticoagulant medicines. The current standard thrombolytic treatment involves the infusion of thrombolytic drugs such as tissue plasminogen activator (tPA) [3] , [4] . Administration of thrombolytic drugs systemically has limited effectiveness with long treatment time (several hours to days) and is associated with a high risk of major bleeding [5] . Catheter-directed thrombolysis has the advantage over systematic thrombolysis by means of local application at the thrombosis site, but it is invasive and still carries the risks of bleeding, vascular damage, and infections [6] , [7] .
Ultrasound has been shown to enhance or induce thrombolysis for several decades [8] . Significant efforts have been focused on enhancing the efficacy of thrombolytic drugs with ultrasound [9] - [14] , with several clinical trials showing promising results [15] - [17] . In addition, ultrasound combined with microbubble contrast agents has been demonstrated to successfully augment clot dissolution in the presence or absence of thrombolytic drugs [18] - [20] . Ultrasound has also been investigated as an independent thrombolysis method under approaches utilizing acoustic cavitation [21] - [26] .
Histotripsy is nonthermal ablation method that mechanically fractionates soft tissue through well-controlled acoustic cavitation generated by microsecond-long, highpressure ultrasound pulses [27] - [29] . The feasibility of using histotripsy as a noninvasive, drug-free, and imageguided thrombolysis technique was first demonstrated in vitro and in vivo by Maxwell et al. [24] , [25] . In those studies, multi-cycle (usually ≥5 cycle) ultrasound pulses were used to generate the cavitation bubble cloud via a shock scattering mechanism [30] . Using the shock scattering approach, the cavitation cloud is less confined and tends to be generated in contact with the vessel wall where the weak nuclei reside, resulting in potential vessel damage from histotripsy treatment. A new histotripsy approach, termed microtripsy, has been recently investigated for thrombolysis application to improve treatment precision and avoid potential vessel damage [26] . Microtripsy uses an intrinsic threshold mechanism where a cavitation cloud is initiated via a single ultrasound pulse with only one high negative pressure phase. When the peak negative pressure directly exceeds a distinctive "intrinsic threshold" for the medium (27 MPa for blood clots), a cavitation cloud is formed within the focal region exceeding the threshold [31] , [32] . The location and size of the cavitation cloud generated using the intrinsic threshold mechanism is more reproducible and predictable than the shock scattering mechanism. Our microtripsy thrombolysis study showed that cavitation can be precisely generated and confined in the vessel lumen without contacting the vessel wall, allowing for a precise flow channel to be created within the clot while minimizing the risk of vessel damage [26] .
In our previous microtripsy thrombolysis study, the pulse repetition frequency (PRF) of applied ultrasound pulses was fixed to 50 Hz and the treatment dose (i.e., the number of ultrasound pulses applied at each treatment location) was chosen to be more than sufficient for complete clot fractionation. A higher PRF is expected to result in a shorter treatment time. However, a previous study suggested that higher PRF (>10 Hz) introduced cavitation memory effects where residual bubble nuclei from collapse of transient cavities from the previous pulse might become cavitation sites for subsequent cavitation events. As a result, the cavitation might reoccur at the same locations from pulse to pulse and the per-pulse fractionation efficiency could be lowered [33] . In the case for thrombolysis, the cavitation memory effects may result in an incomplete flow channel and different distributions of clot debris particles. Also, there was a concern that using 1 to 2 cycle pulses with a high PRF (>10 Hz) may still result in pre-focal cavitation on the vessel wall. The pre-focal cavitation on the vessel wall can potentially damage the vessel and weaken the focal cavitation within the vessel lumen by shielding the ultrasound energy propagation to the treatment focus. Finally, when high PRF are utilized, residual bubble nuclei from cavitation memory effects may shift the location of cavitation toward the ultrasound transducer [34] . In such a situation, to avoid damage to the interior vessel wall, the treatment focus within the vessel lumen would need to be relocated before treatment to compensate for the potential shift.
This current study was conducted to explore the influence of treatment PRFs on microtripsy thrombolysis and to address the above concerns with high treatment PRFs. Microtripsy thrombolysis treatments using different PRFs were performed on blood clots in an in vitro flow model. As the number of pulses necessary to completely fractionate the clot may vary with different PRF, we also tested different treatment doses (i.e., number of pulses) for each PRF. During each treatment, cavitation was monitored in real time to detect any pre-focal cavitation incident. After treatments, the flow channels generated were characterized by 3-D-scans using a high-frequency ultrasound imaging probe. Pre-focal cavitation, the size and shape of generated flow channel, and the relative location of flow channel with respect to the treatment focus were quantified. The size distribution of generated clot debris particles was also measured. By comparing these results between different treatment PRFs as a function of dose, an optimized treatment PRF was selected for future microtripsy thrombolysis studies.
II. Methods and Materials

A. Flow Model
An in vitro flow model, similar to that described by Spengos et al. [35] , was designed to mimic occlusive deep vein thrombosis where no blood flow is present but pressure is still applied on the clot. As shown in Fig. 1 , the flow model consisted of a reservoir, a pressure sensor, a vessel phantom, a filter, and a fluid collector. All the components were connected with silicone tubing (Masterflex L/S 17; Cole-Parmer, Vernon Hills, IL, USA). The reservoir was placed above the vessel phantom and filled with saline to perfuse the system using gravity-driven pressure. The vessel phantom was mounted horizontally inside a tank filled with degassed water. The height difference between the saline level in the reservoir and the vessel phantom was adjusted to apply a constant pressure of 3.7 mmHg, which was measured by the pressure sensor (MG-9V; SSI Technologies, Janesville, WI, USA). The 3.7 mmHg was chosen according to reported femoral vein pressure [36] , [37] . The valves were remained on all the time during each treatment. Flow was restored when a channel was created through the clot by microtripsy treatment. The restored flow, together with clot debris particles generated from the treatment, was passed through the filter and the filtered fluid was collected for further small particle analysis.
B. Vessel Phantom
The vessel phantom was developed to mimic a human femoral vein (Fig. 2) . The phantom was made from urethane polymer (Urethane RTV Mold-Making System; Tap Plastics Inc., San Leandro, CA, USA), which has acoustic properties similar to human tissue [38] . Two parts of urethane (liquid) were first mixed at a 1:1 ratio and degassed in a vacuum chamber to remove bubbles. The mixture was then poured carefully into a 3-D-printed mold. The mold includes two components: a hollow tube with an 8-mm inner diameter and a rod in the center of the hollow tube. To make a stenosis in the vessel phantom, the rod was made with a 6.5-mm diameter on one side and a 4.2-mm diameter on the other side. After solidification of the urethane (~24 h), the vessel phantom was removed from the mold. The vessel phantom had an 8-mm outer diameter, a 6.5-mm inner diameter on one side, a 35% stenosis, and a 4.2-mm inner diameter on the other side. The 6.5-mm inner diameter was chosen according to reported DVT vein diameters (5 to 21.7 mm) [39] . The stenosis in this in vitro setup provided additional stabilization of the formed clot by preventing slipping under pressure. The vessel phantom was held by a 3-D-printed frame with tube fittings at the two ends to connect the vessel in line with the rest of the flow model [40] .
C. Clot Formation
Fresh bovine blood was collected from a local abattoir. A citrate-phosphate-dextrose solution (#C7165; SigmaAldrich Co., St. Louis, MO, USA) was immediately mixed with fresh bovine blood as an anti-coagulant at a ratio of 1 mL of citrate-phosphate-dextrose per 9 mL of blood. The blood sample was stored at 4°C and used within 72 h. Before use, bovine blood was warmed up to the normal cow body temperature (38.6°C). To stimulate the clotting cascade, calcium chloride (#21107; Sigma-Aldrich Co.) was injected into bovine blood to a final concentration of 20 mM/L. To form a clot inside the vessel phantom, the stimulated blood was poured into the vertically placed vessel phantom with the stenosis sealed by a balloon catheter. Any visible bubble was removed. After 2 h in a water bath at 38.6°C, the clot was matured and cross-linked with the vessel interior and stenosis. The balloon catheter was then removed and the vessel phantom was connected back into the flow model with the stenosis end of the clot distal to the pressure reservoir. The connecting tubes were carefully refilled with saline. All the clots in this study were made with a length of 2 cm.
D. Microtripsy Thrombolysis System
An integrated pre-clinical system for image-guided microtripsy thrombolysis was developed in our laboratory and used for all the treatments in this study (Fig. 3) . It includes three subsystems: microtripsy therapy, ultrasound imaging, and positioning system. The therapy subsystem used a 1-MHz 18-element microtripsy transducer that was designed based on the anatomy of DVT patients and manufactured by Imasonic S.A. (Besancon, France; Fig. 3 ). The transducer had an effective 9.8 cm (lateral) × 8 cm (elevational) aperture and a 7 cm focal length. It was driven by a pulse amplifier developed in our laboratory to generate very short (<2 cycles), high intense ultrasound pulses. The focal beam volume (−6 dB) of the transducer was measured to be 6.5 mm (axial) × 1.3 mm (lateral) × 1.5 mm (elevational) at a peak negative pressure of 15 MPa using a fiber-optic probe hydrophone [41] . The imaging subsystem was developed based on a SonixTouch imaging machine (Analogic Ultrasound, Vancouver, Canada). An ultrasound probe with custom rectangular housing (L7.5MHz; Vermon, Tours, France) was inserted into the rectangular central hole of the therapy transducer to guide and monitor microtripsy thrombolysis treatment. Software development kits were provided by the SonixTouch manufacturer to allow custom application developments. The positioning subsystem included a multi-positioning arm and a compact motorized positioner on the arm. The therapy transducer was mounted on the compact positioner. With 6 degrees of freedom and a range around 1 m, the multi-positioning arm can be manually moved and hold using a press/release lock for coarse target localization. With 3 degrees of freedom and a range of 10 cm × 5 cm × 4 cm, the motorized positioner was controlled by both software and joysticks for finer localization. Control software was developed to manage and coordinate the therapy, imaging, and positioning systems.
E. Treatments
The vessel phantom with an occlusive clot inside was connected to the flow model and placed in a tank filled with degassed water. Using the multi-positioning arm, the therapy transducer was manually placed above the vessel phantom and its lateral axis was oriented perpendicular to the vessel phantom so that the cross section of vessel was imaged during treatment. Pre-treatment planning was performed to determine the treatment path before each microtripsy clot treatment following three steps. First, cavitation was generated in empty water field and the center of the hyperechoic cavitation region was marked as the treatment focus on the ultrasound imaging window. Second, guided by the real-time ultrasound images, the transducer was moved using the motorized positioner to align the treatment focus at the center of vessel lumen. The transducer was then adjusted to move the treatment focus from one end of the clot to the other end. Several locations (spaced around 3 mm) from one end of the clot (close to the pressure reservoir) to the other end were recorded by the control software. Third, after these locations were registered, the control software linearly interpolated these key locations into a scan path of denser treatment locations with an interval of 0.3 mm.
For one treatment, the microtripsy thrombolysis system applied a fixed number of microtripsy pulses (dose) at each location with a fixed PRF and then moved automatically to the next location on the treatment path. A peak negative pressure of 30 MPa was used for microtripsy pulses throughout this study, as this pressure level was right above the intrinsic threshold and was shown to create precise flow channels in our previous microtripsy thrombolysis study. An example of microtripsy waveform is shown in Fig. 4 . Peak negative pressure larger than 20 MPa cannot be directly measured and therefore was estimated by linear summation [P(−) LS ] of direct P− outputs from 3 separate groups of transducer elements (6 elements per group). In this parameter study, three different PRFs (5, 50, and 100 Hz) combined with three treatment doses (20, 50 , and 100 pulses) were examined. A maximal dose of 100 pulses was chosen to ensure the generated flow channel was confined within the clot. Six clots were treated with each of the parameter combinations. Real-time ultrasound images for treatment monitoring were recorded as a video throughout each treatment. Imaging with a central frequency of 7.5 MHz was synchronized with the microtripsy pulses. The depth of the image was 6 cm and the cavitation focus was located in the center at a depth of 5 cm. There were 128 scan lines for each image. When a microtripsy pulse was fired, it scanned from left to right line by line (100 μs per line). There was a delay of ~6.4 ms to image the cavitation after a pulse fire.
F. Cavitation Monitor
Ultrasound image video taken during each treatment provided qualitative visualization of cavitation. Adopted from the previous studies [30] , [42] , [43] , an acoustic cavitation detection method was also used to monitor cavitation in this study. One element in the therapy transducer Fig. 3 . Integrated microtripsy thrombolysis system. It consists of an ultrasound imaging system, a microtripsy therapy system, and a motorized positioning system. The insert shows the therapy transducer with a linear imaging probe embedded at the center. Fig. 4 . Pressure waveform of a microtripsy pulse. Because peak negative pressure larger than 20 MPa cannot be directly measured, this estimated waveform was linearly summed from the directly measured waveforms of 6 separate element groups (3 adjacent elements per group).
was employed for both transmitting microtripsy pulse and receiving the backscattered signals of the microtripsy pulse from cavitation bubbles as well as emissions from bubble collapse. The element was connected to an oscilloscope (Lecroy372c, Teledyne LeCroy Inc., Chestnut Ridge, New York, NY, USA) through a high-voltage probe (PPE2kV, Teledyne LeCroy Inc.). The oscilloscope was set in a sequential mode and synchronized with microtripsy pulses to digitize the received cavitation signals. Starting at 87 μs after a microtripsy pulse was generated by the transducer, a 20 μs long waveform of the backscatter signals of the therapy pulse from the cavitation bubble cloud was acquired with a sampling rate of 250 MHz. The 87 μs delay time was chosen based on the round-trip travel time of ultrasound propagation to and from the cavitation focus. The 20 μs time window was selected to cover the whole vessel region on the ultrasound propagation path. Before each treatment, a control waveform containing acoustic reflections only from vessel walls was acquired using a microtripsy pulse with a P− of 20 MPa (below the intrinsic threshold for cavitation). During each treatment, 300 treatment waveforms containing both vessel reflections and backscatter signals from cavitation were collected.
The primary purpose of monitoring cavitation in this study was to detect whether there was pre-focal cavitation on vessel walls when using different treatment PRFs. The control waveform was scaled by the ratio of the P− of the therapy pulses over 20 MPa (control) to better estimate the reflected acoustic signal from vessel walls during treatment. Using the control waveform, the time windows corresponding to front vessel wall region (proximal to therapy transducer) and vessel lumen region were determined in each treatment waveform (Fig. 5) . When cavitation occurred, the signal amplitude at the corresponding temporal location on the treatment waveform was greatly increased as the incident therapy pulse was backscattered from cavitation bubbles. Cavitation was detected when the peak amplitude of the backscatter signal exceeds a threshold for each region, which was set as twice the peak amplitude of the scaled control waveform in that region. The percentages of pre-focal cavitation occurrence on front vessel wall and focal cavitation occurrence in vessel lumen were calculated for each treatment (the number of pulses when cavitation was detected/total number of measured pulses).
G. Flow Channel Quantification
To quantitatively evaluate flow channels generated by microtripsy with different PRFs and doses, each treated clot was scanned using a 20-MHz high-resolution ultrasound probe. The probe was separately mounted onto the motorized positioner after each treatment. With the imaging plane perpendicular to the vessel central axis, the probe was moved by the positioner from one end to the other end of the clot taking one cross-sectional image every 0.3 mm along the vessel. 67 scan images were collected from each treated clot. Because the fractionated clot region appeared hypoechoic (very low brightness on image) when flow was restored, whereas the intact clot region was hyperechoic (high brightness on image), we applied a brightness threshold to detect the cross section of flow channel on each scan image. Inside the vessel lumen on each scan image, the area with pixel intensity less than 20 (0-255 overall range) was thresholded out as the cross section of the flow channel. The value of 20 was selected according to the intensity histogram of the scan images. To quantify the size and shape of the flow channel, the cross area (A cross ) of the flow channel region was calculated and an ellipse was fitted into the flow channel region to estimate its major and minor diameters (D major and D minor ) using a function provided by Matlab (The MathWorks Inc., Natick, MA, USA). To evaluate the influence of different PRFs and doses on flow channel location inside of clot, the axial location of flow channel (L axial ) was calculated as the distance from the center of the flow channel (actual treatment location) to the center of vessel lumen (intended target) along the axial direction (i.e., ultrasound propagation direction). The sharpness of channel boundary transitioning from unfractionated area to fractionated area was also quantified by measuring the width of boundary transition zone (W bound ), which was detected as the area with the pixel intensity higher than 20 but less than 30 outside the completely fractionated lesion. The mean A cross , D major , D minor , L axial , and W bound over all valid scan images of treated clots using the same PRF and dose were used to characterize the flow channel under this parameter combination.
H. Restored Flow Measurements
Restored flow rate was measured to evaluate microtripsy thrombolysis effectiveness under this in vitro envi- ronment. After the flow channel was created, the volume of downstream saline in the fluid collector within 30 s was measured. The restored volume flow rate was then calculated as the volume of the saline collected divided by the time. Owing to the brevity of the time period and the small change in reservoir volume, pressure was assumed to be constant over this time period. A control measurement with no blockage in the flow system was also conducted to compare with restored flow rate.
I. Debris Particle Size Measurement
There is a concern that clot debris particles generated by microtripsy thrombolysis may embolize to occlude downstream vessels or seed clotting elsewhere to create a new thrombus. To address this issue, a method combining macroscopic inspection and Coulter Counter analysis were utilized to measure clot debris particles generated during microtripsy treatment. When flow was restored in each treatment, clot debris was flushed by the restored flow and filtered by a filter sheet with a pore size of 300 μm. Macroscopic inspection was conducted to check if there was any debris particle trapped on the 300-μm filter. High-resolution optical images were taken of the filter sheet before and after each treatment and the number of distinguishable particles larger than 300 μm was counted and the size of individual large debris particles was measured. The filtered fluid with suspended debris particles smaller than 300 μm was analyzed using a Coulter Counter (Multisizer 3; Beckman Coulter, Brea, CA, USA). With this Coulter Counter, the measurable range of particles was from 2 to 60 μm using a 100-μm aperture tube and from 60 to 300 μm using a 560-μm aperture tube [44] . The measurements using these two aperture tubes were combined to generate a distribution of particles from 2 to 300 μm.
J. Statistical Analysis
All statistical comparisons in this study were performed using Student's t-test. p-values <0.05 were considered significant. Numerical data are expressed as mean ± standard deviation. Error bars on graphs represent standard deviation.
III. Results
A. Cavitation
Cavitation bubble clouds appeared as a dynamic hyperechoic region on real-time ultrasound images providing both location information and approximate size of cavitation bubble. According to the ultrasound videos taken during the treatments, no pre-focal cavitation on front vessel wall was observed when using either 5 Hz or 50 Hz treatment PRF. Although pre-focal cavitation was observed with higher treatment PRF (100 Hz), it happened infrequently and appeared small, weak, and sparse (Fig.   6 ). Focal cavitation was still present even when the prefocal cavitation occurred (Fig. 6) . In all the treatments, focal cavitation was well confined in the vessel lumen with no contact to the interior vessel wall (Fig. 6) .
Quantitative results were obtained using the acoustic cavitation detection method. The percentages of detected pre-focal and focal cavitation incidents during the treatments are shown in Table I . Representative waveforms captured during treatment are also plotted in Fig. 7 . No pre-focal cavitation was detected when using 5 Hz treatment PRF. Pre-focal cavitation was rarely detected when using 50 Hz PRF (1.20%) and occasionally detected when using 100 Hz PRF (5.43%). Focal cavitation occurred persistently regardless of treatment PRF and whether prefocal cavitation happened or not. These results matched well with our qualitative observations from ultrasound imaging.
B. Flow Channel
Flow channels generated using different treatment PRFs and doses were thoroughly scanned using the highresolution ultrasound imaging probe. Representative cross-sectional images of the flow channels after the microtripsy treatments are shown in Fig. 8 . The differences of the flow channels generated using different treatment PRFs were analyzed from the following four aspects: size, location, shape, and boundary sharpness.
1) Size:
The flow channel size was quantified as the cross area (A cross ) of the flow channels on ultrasound scan images. The mean A cross and its standard deviation using each treatment PRF was shown as a function of dose in Fig. 9 . With a final dose of 100 pulses, the mean A cross of flow channel generated using 5, 50, and 100 Hz PRF were 3.60, 3.96, and 4.65 mm 2 , respectively. One-sided ttests showed that the final flow channel generated using 100 Hz PRF was significantly larger than those using 50 Hz (p < 0.001) and 5 Hz (p < 0.001). Flow channel developments as a function of dose showed different trends when using different PRFs. The rate of increase in Fig. 9 illustrated the per-pulse efficiency of clot fractionation. The highest rate of increase at the beginning of treatment was observed for 5 Hz PRF, which indicated better per-pulse fractionation efficiency than those using 50 and 100 Hz PRF. After 20 pulses, the rate of increase almost plateaued. For 50 Hz PRF, a slower rate of increase was observed compared with 5 Hz PRF but faster than 100 Hz before 20 pulses. As more pulses were applied, the rate of increase gradually decreased but did not reach complete saturation within 100 pulses. The lowest rate of increase at the start of the treatment was observed for 100 Hz PRF. However, as the treatment continued, the rate of increase remained almost linear all the way up to 100 pulses. By fitting 5-degree polynomials into the developing curves of flow channel in Fig. 9 , it was estimated to take 28, 73, and 89 pulses to reach 90% of flow channel size generated by 100 pulses for 5, 50, and 100 Hz PRF, respectively. These trends suggested that higher treatment PRF had lower per-pulse fractionation efficiency (rate of increase) but longer growth period before saturation. 100 Hz PRF were 20 times faster than 5Hz PRF to reach the same dose, which indicates the higher PRF had a much higher temporal fractionation rate.
2) Location:
The relative location of the flow channels generated by different PRFs were evaluated using channel axial location (L axial ), which was defined as the axial distance from the cross-sectional center of flow channel (actual treatment location) to the cross-sectional center of the vessel lumen (intended target). For all the treatments, the center of the treatment focus was rigidly placed at the center of the vessel lumen. The mean L axial of flow channel generated by each treatment PRF is shown in Fig. 10 as a function of treatment dose. For 5 Hz PRF, the center of the generated flow channel remained around 0.35 mm above the vessel center. For 50 and 100 Hz PRF, the flow channels were first generated approximately 0.9 mm above the vessel center (closer to the therapy transducer). As more pulses were applied, the centers of flow channels were shifted back toward the vessel center and finally stayed at around 0.6 mm above the vessel center. As shown in Fig. 8 , the flow channels generated by 5 Hz PRF were enlarged symmetrically with increasing the number of pulses while retaining the center location, whereas the flow channels generated by 50 and 100 Hz PRF showed an asymmetric growth and their center locations shifted along the direction of ultrasound propagation.
3) Shape:
The shape of flow channels created using different treatment PRFs were quantified as the ratio (R D ) of major diameter (D major ) over minor diameter (D minor ) of the cross sections of flow channels. The mean R D of each treatment PRF is shown in Fig. 11 as a function of treatment dose. A R D value of 1 indicates a circular shape, and a higher R D indicates a narrower cross section of flow channel. Overall, a higher treatment PRF created narrower flow channels (higher R D ). At the beginning of treatment, 50 Hz and 100 Hz PRF had a R D of 3.33 and 2.99, respectively, whereas 5 Hz PRF had a R D smaller than 2.5. R D at 50 and 100 Hz PRF decreased by 5.7% and 7.2%, respectively, as the dose increased from 20 to 50 pulses and remained almost the same afterward. However, R D at 5 Hz PRF increased by 3.6% from 20 to 50 pulses and continued increasing by 7.0% from 50 to 100 pulses. After 100 pulses, R D was 2.66, 2.77, and 3.13 for PRF of 5, 50, and 100 Hz, respectively, which indicated a more elongated elliptical flow channel at a higher PRF.
4) Boundary Sharpness:
The boundary sharpness of flow channels generated using different treatment PRFs were quantified as the width of boundary transition zone containing partially fractionated region outside the completely fractionated flow channel (W bound ). The mean W bound of each treatment PRF is shown in Fig. 12 as a function of treatment dose. As shown, when using 5 Hz PRF, W bound remained at approximately 0.11 mm as more pulses applied. In the cases of 50 and 100 Hz PRF with small dose (20 pulses), W bound was larger (0.135 ± Fig. 9 . The cross-sectional area (A cross ) of generated flow channel using each treatment PRF is shown as a function of dose. (N = 6 × 67). Fig. 10 . The axial location (L axial ) of generated flow channel using each treatment PRF is shown as a function of dose. (N = 6 × 67). 0.020 mm for 50 Hz PRF and 0.154 ± 0.025 mm for 100 Hz PRF). As the dose increased all the way to 100 pulses, W bound using 50 and 100 Hz PRF was decreased to a level close to that at 5 Hz PRF.
C. Restored Flow Rate
Prior to any treatment, no flow was observed on color Doppler imaging. After each microtripsy thrombolysis treatment, flow was successfully restored even with the minimal dose (20 pulses). The restored flow rate was measured after each treatment. With the constant pressure (3.7 mmHg) applied, a larger channel would be expected to permit higher flow rate, which is confirmed by the flow rate results shown in Fig. 13 . With 20 pulses, 5 Hz PRF had the highest flow rate (185mL/min), whereas for 100 Hz PRF it was only 60 mL/min. However, with a final dose of 100 pulses, both 50 and 100 Hz PRF achieved a mean flow rate over 300 mL/min, higher than that of 5 Hz PRF (276 mL/min). As a reference, the flow model with no blockage had a flow rate of 640 mL/min under the same pressure.
D. Debris Size Distribution
According to the Coulter Counter measurements, all the treatments shared a very similar debris particle distribution from 2 to 300 μm, regardless of the treatment PRF and dose used. A representative distribution of debris particles is shown in Fig. 14 . It was normally distributed with an expectation of 4.2 μm, and over 99.9% of the debris particles were smaller than 10 μm. The debris particles became orders of magnitude less as their size increased from 10 to 100 μm. Detailed results of debris particles larger than 100 μm are presented as follows. The average number of debris particles from 100 to 300 μm from treatments using different PRFs and doses were shown in Table II . Very few particles larger than 100 μm were observed after each treatment and there was no significant difference between different treatment PRFs and doses.
The largest sizes of debris particles smaller than 300 μm from different treatments were shown in Table III . The largest particle to pass through the 300-μm filter was 236 μm, which was generated from a treatment with 100 Hz PRF and 50-pulse dose. The total number of debris particles trapped on the 300-μm filter sheets, together with their sizes, is shown in Table IV . No particle >300 μm was trapped in 20 out of the 28 clot treatments. In 7 out of the 28 treatments, there was only one particle >300 μm trapped per treatment. And in only one treatment, there were two particles trapped together. The large particles (400, 570, and 630 μm) all appeared in treatments using 5 Hz PRF.
IV. Discussion
A. Cavitation
For all PRFs, focal cavitation was generated within the vessel lumen without contacting the vessel wall. No prefocal cavitation was observed at 5 Hz PRF. As treatment PRF was increased to 50 and 100 Hz, instances of prefocal cavitation were observed to occur on the front vessel wall during the treatments. However, because of the low frequency of occurrence (<6%) and sparse bubble appearance, the pre-focal cavitation is expected to have limited impact on treatment efficacy and is unlikely to cause clinically relevant damage to the exterior vessel wall, which has previously been showed to be resistant to cavitation damage [45] . However, further in vivo evaluation is necessary to validate this hypothesis. The cause of the pre-focal cavitation with higher PRF is potentially associated with both the water-vessel interface and cavitation memory. In our experimental setup, the water-vessel interface was about 4 mm from the treatment focus in the vessel lumen closer to the ultrasound transducer. Bubble nuclei tend to reside on this interface, and a previous study suggested the cavitation threshold was lowered at the tissue-fluid interface [46] . With higher PRF, residual bubble nuclei from cavitation persisted on the interface between microtripsy pulses due to cavitation memory and made the cavitation generation on the interface easier by acting as seeds for subsequent pulses. So with the enhancement by cavitation memory effects using higher PRF [47] - [49] , pre-focal cavitation was manifested at the vessel interface.
In this study, we used the acoustic signals received from one transmit element to detect cavitation incidents. This method served well to detect whether a cavitation incident occur on the front vessel wall and/or in the vessel lumen, but the location of cavitation could not be accurately extracted. Potentially the accuracy and sensitivity of cavitation detection can be further improved by using one or more separate ultrasound transducers with higher frequency.
B. Flow Channels
With different treatment PRFs, the location, size, and shape of created flow channels varied, and the progression of the flow channel generation also changed. At 5 Hz PRF, the flow channel was generated consistently at the target focal location in the vessel lumen. Using high PRFs (50 and 100 Hz), the lesion was first generated at the front of the focal region in the vessel (close to the front vessel wall and the transducer) and then developed back toward the vessel center away from the transducer where the treatment focus was originally placed. The reason why at higher PRF the lesion started closer to the transducer and grew asymmetrically away from the transducer is potentially related to the cavitation memory effects. At the beginning of treatment, residual bubble nuclei were formed from the first few pulses and trapped all over the focal region in the clot. With a high PRF, a subsequent ultrasound pulse arrived before the complete dissolution of residual bubble nuclei produced from the previous pulse. The nuclei proximal to the transducer acted as seeds to cause onsite cavitation, which absorbed and shielded the incident acoustic energy from propagating further toward the treatment focus, resulting in a cavitation cloud at the front of the treatment focal region. As more pulses were applied, the clot at the front of the focal region was fractionated, creating a small liquefied clot zone and a fluidtissue interface. Then the clot was gradually eroded from the liquefied region and grew away from the transducer toward the vessel center. Using low PRF (5 Hz), the lesion was first generated at the vessel center and then enlarged radially. In this case, residual bubble nuclei were probably dissolved before the subsequent ultrasound pulse, minimizing the cavitation memory effects.
Per-pulse fractionation efficiencies were also different between these treatment PRFs, which can be potentially explained by the same rationale above based on the cavitation memory effects. At the beginning of fractionation, 5 Hz PRF showed better per-pulse fractionation efficiency probably because the cavitation was intrinsically generated covering the entire focal region in the vessel center without memory effects. As the clot in the focal region was quickly fractionated using 5 Hz PRF, the per-pulse fractionation efficiency decreased significantly after 20 pulses because less and less clot volume could be broken down in the focal region. But for 50 and 100 Hz PRF, because a small lesion was generated on the proximal side and the clot was then gradually eroded from the lesion and expanded away from the transducer, the lesion size still grew significantly after 20 pulses.
C. Debris
Only a few (less than 20 average) debris particles >100 μm were observed per treatment in this study. Only a total of nine debris particles >300 μm were observed in 8 out of the 28 treatments. From Table IV , we can see the largest particles (570 μm, 630 μm) were observed when using 5 Hz PRF. This may be associated with the low The underline indicates they are from the same treatment.
temporal fractionation rate of 5 Hz PRF. At the end of recanalization, when fractionating the last clot segment, flow started to be restored. Due to the slow fractionation of 5 Hz PRF, large clot pieces might be swept away before fractionated into smaller pieces. In contrast, because high treatment PRF has a much higher temporal fractionation rate, large clot pieces at the end of treatment might be fractionated down quickly before major flow was restored.
Our previous study using a PRF of 50 Hz and an increased dose of 300 pulses showed no debris particles >300 μm and fewer 100-μm-level particles, which indicates increasing treatment dose can probably eliminate large debris particles [26] . The debris observed in this study can be considered as the worst possible case. Even with this worst case, the generated debris should not cause any severe embolism in the lung in the DVT application. First, the largest particle observed overall was only 630 μm. According to the morphometry of pulmonary arterial system reported by Singhal et al. [50] , 500-μm-level particles may only obstruct one arteriole of order 9 which supplies only 0.016% of total capillary beds. Second, the number of debris particles larger than 100 μm from one treatment was very small (less than 20), which would not be expected to cause massive pulmonary embolism. Third, mechanical thrombectomy treatments generate clot particles up to 1000 μm with no severe embolism reported from human patient treatments [51] - [53] .
D. Choice of Treatment PRF
Even though 5 Hz PRF avoids the pre-focal cavitation formation, it generates cavitation consistently at the geometric focal region, and has better per-pulse fractionation efficiency at the treatment beginning; overall, 50 or 100 Hz PRF may be a better choice for microtripsy thrombolysis to use clinically due to the larger flow channels, smaller debris particles, and much higher temporal fractionation rate. Compared with 5 Hz PRF, the higher PRFs in this study created larger flow channels after 100 pulse dose, and the maximal size of debris particles was smaller. The higher PRFs have a higher temporal fractionation rate and can shorten treatment time significantly. Assuming a dose of 300 pulses is used in clinical situation to minimize the debris particle size, it takes only about 15 min for microtripsy to recanalize a 10-cm-long clot using 100 Hz PRF compared with hours for 5 Hz PRF. Reduced treatment time can be a very competitive advantage over the current thrombolysis treatments. We also see less large debris particles >300 μm generated using higher PRF. With this observed trend, it is reasonable to consider even higher PRF, which may achieve the same or better results with shorter treatment time. The reason we did not get a chance to try PRF >100 Hz was the limitation of the therapy transducer. Because it was outputting a very high acoustic pressure, we were worried about damaging the transducer's piezoelectric elements by heating with higher PRF.
Despite these favorable results of using 50 and 100 Hz PRF, further investigation is still needed to evaluate the risk of potential vessel damages. It should be noted that sparse and infrequent pre-focal cavitation was observed on the vessel wall using 50 or 100 Hz PRF. We were not able to evaluate this risk using this vessel phantom, but future in vivo experiments may provide us a more detailed answer regarding this concern. In addition, using a higher PRF, the cavitation started closer to the transducer and grew away from the transducer, and the lesion center did not align exactly with the center of the geometric focal zone. Though with imaging feedback we can take that into account in the pre-treatment planning to ensure the focal cavitation zone is completely confined within the vessel lumen, further in vivo evaluation of this offset is needed.
V. Future Work
Freshly formed clots were used in this study to mimic acute thrombosis. Literature shows that chronic retracted clots are more resistant to sonothrombolysis treatments [54] , [55] . We plan to evaluate the efficacy and safety of the microtripsy thrombolysis on retracted clots. In addition, we are currently investigating a new real-time imaging feedback (Bubble-induced Color Doppler [56] , [57] ) for histotripsy thrombolysis treatment, and we plan to incorporate this feedback with microtripsy thrombolysis to adaptively deliver the optimal dose at each treatment location during treatment. Finally, in vivo studies will be conducted to validate the feasibility, safety and efficacy of microtripsy thrombolysis in a porcine deep vein thrombosis model [25] , [58] . Since there may be a difference in cavitation behavior between in vitro and in vivo settings, we want to confirm what we observed in this in vitro study still applies in vivo.
VI. Conclusion
This study investigated the effects of PRF (5, 50, and 100 Hz) on microtripsy thrombolysis. Results demonstrated that focal cavitation was always well-confined in the vessel lumen without contacting the vessel wall regardless of the PRF used. Pre-focal cavitation on the vessel wall was occasionally observed when using 50 and 100 Hz PRF, but it appeared weak and infrequent. The 5 Hz PRF showed the best per-pulse fractionation efficiency at the beginning of treatment, but the 50 and 100 Hz PRFs generated larger flow channels with much shorter treatment times over the course of the treatment. In addition, results showed fewer large debris particles were observed with higher PRFs. Overall, the results of this study suggest that 50 or 100 Hz PRF may be a better choice for microtripsy thrombolysis to use clinically due to the larger resulting flow channel, shorter treatment time, and smaller debris particles. Further in vivo evaluation of potential vessel damage and treatment efficacy using high PRF for microtripsy thrombolysis is necessary and underway.
